UV-sensitive syndrome (UV S S) and Cockayne syndrome (CS) are human disorders caused by CSA or CSB gene mutations; both conditions cause defective transcription-coupled repair and photosensitivity. Patients with CS also display neurological and developmental abnormalities and dramatic premature aging, and their cells are hypersensitive to oxidative stress. We report CSA/CSB-dependent depletion of the mitochondrial DNA polymerase-γ catalytic subunit (POLG1), due to HTRA3 serine protease accumulation in CS, but not in UV s S or control fibroblasts. Inhibition of serine proteases restored physiological POLG1 levels in either CS fibroblasts and in CSB-silenced cells. Moreover, patient-derived CS cells displayed greater nitroso-redox imbalance than UV S S cells. Scavengers of reactive oxygen species and peroxynitrite normalized HTRA3 and POLG1 levels in CS cells, and notably, increased mitochondrial oxidative phosphorylation, which was altered in CS cells. These data reveal critical deregulation of proteases potentially linked to progeroid phenotypes in CS, and our results suggest rescue strategies as a therapeutic option.
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Cockayne syndrome | premature ageing | serine protease | DNA polymerase gamma | mtSSB C ockayne syndrome (CS) is a rare genetic disorder characterized by photosensitivity, severe neurological and developmental defects, and dramatically precocious aging (1) . CS is clinically classified into three subtypes: type I (CS-I), the classical form with symptom onset in early childhood; type II (CS-II), an early-onset form with severe symptoms that appear in utero (in this study, CS-II patients have also been clinically diagnosed as cerebro-oculo-facio-skeletal syndrome, COFS); and type III (CS-III), with mild symptoms and onset in late childhood. CS is caused by mutations in the Cockayne syndrome B (CSB) (∼70% of cases) or A (CSA) gene (∼30% of cases) (2, 3) . CSA and CSB proteins are implicated in transcription-coupled nucleotide excision repair, which removes bulky adducts, including UV-induced damage, in actively transcribed DNA regions (4, 5) . However, it is difficult to explain the dramatic CS phenotype based solely on transcription repair deficiency (6) . Different mutations in CSA or CSB can give rise to another transcription-repair deficient disease, the UV-sensitive syndrome (UV S S), characterized by photosensitivity and mild skin abnormalities, but normal growth and lifespan, and no premature aging (7) . A patient with UV S S (UV S S1VI) carrying a CSA mutation that conferred the hallmark UV S S symptoms, without CS characteristics of premature aging, oxidative stress sensitivity, or neurodegeneration, has been characterized (8) . Comparison of these two types of patient' cells indicates that the impaired UV response was uncoupled from oxidative stress and premature aging. In agreement with this finding, higher levels of reactive oxygen species (ROS) were recently reported in mitochondria from CS compared with UV S S and healthy cells (9) . CSA and CSB also act as transcription factors, and CSB has been proposed to remodel chromatin (10) (11) (12) . Moreover, both CSA and CSB have been detected in the nucleus and mitochondria (13) , where they are involved in removing oxidized bases through base excision repair (14) . Altered mitochondrial transcription and autophagy have been reported in immortalized CS cells, suggesting that mitochondrial impairments play a key role in CS (15) (16) (17) .
Mitochondria are essential for many cellular functions, but they are primarily involved in ATP production. They also produce ROS during oxidative phosphorylation (OXPHOS). ROS are considered causative factors of aging (18) , but the picture has not been fully elucidated in vivo, as mitochondrial ROS also have signaling function (19) , and may also increase the lifespan (20) . Mitochondria carry many copies of their own genome, a circular, double-stranded DNA of 16.6 kbp in humans, which is replicated in the organelle by a nuclear-encoded DNA polymerase (POLG), a heterotrimer composed of the catalytic subunit, POLG1, and two copies of the accessory protein, POLG2 (21) . The replication machinery also includes the helicase Twinkle. mtDNA replication is stimulated by the mitochondrial singlestranded DNA binding protein (mtSSB). Defects in mitochondrial
Significance
Ageing is dramatically accelerated in Cockayne syndrome (CS), but the impairments that lead to this phenotype have not been elucidated. The DNA repair proteins CSA or CSB are mutated in CS, but premature ageing is not caused by the DNA repair defect. CSB also affects mitochondrial turnover. Our data reveal a novel pathway that is affected in CS cells. We show that CSB deregulates the expression of a serine protease, which degrades mitochondrial DNA polymerase gamma and impairs mitochondrial function. We rescue this defect, by two independent strategies, in primary cells from patients. Our findings open novel possibilities for developing treatments, which are presently missing for CS patients. Abnormalities revealed here might occur at a slower rate during normal physiological ageing.
DNA (mtDNA) maintenance are associated with age-related phenotypes (22) .
Here, we investigated primary diploid fibroblasts derived from patients with CS and UV S S, CSB-silenced, CSB-deleted, and CSBoverexpressing cells. Altogether, these complementary models revealed impaired mitochondrial function and reduced respiration due to a depletion of the mitochondrial DNA polymerase (POLG1), which is specific to CS cells and depends on the CSA/ CSB deficiency. We also show that POLG1 is degraded due to dramatic increases in the levels of the high temperature requirement A (HTRA) 3 protease, which in turn depends on altered nitroso-redox balance. We rescued this defect, by two independent strategies, in primary cells from patients.
Results
Mitochondrial POLG1 Depletion in Fibroblasts from CS Patients. We assessed critical mitochondrial parameters in primary skin fibroblasts derived from control individuals and from patients with UV S S1, CS-I, or CS-II (described in Fig. 1A ). The mitochondrial membrane potential, measured with fluorescent Tetramethylrhodamine Ethylamine (TMRE), and which expresses the capacity for generation of ATP, exhibited similar levels in control, UV S S1VI, and most CS cells (Fig. S1 A and  B) . In agreement with TMRE experiments, total ATP levels per cell were relatively stable (Fig. S1C) . Conversely, treatment with oligomycin, an inhibitor of the mitochondrial respiratory chain, revealed significant glycolytic shifts (increased glycolysis/OXPHOS ratio) in all CS cells compared with controls, consistent with a previous report (23) , but not in UV S S1VI cells, suggesting that the metabolic shift was CS-specific (Fig. 1B) .
Quantitative PCR [qPCR, evaluated in a late replicated region (12S), Fig. 1C , and in an early replicated region of the mtDNA, Fig. S2C , black columns], and Picogreen staining (Fig. S2A) showed that the mtDNA content was altered in CS cells, but it was not correlated with the metabolic shift. Indeed, although copy number was low in many cases where there was a metabolic shift, the CS797VI cells had elevated mtDNA copy number despite the shift, and UVS S 1VI cells had a decrease in copy number with no shift.
mtDNA is unique as it consists of an essentially doublestranded molecule of 16.6 kbp in humans, and a ∼650 nt DNA, the 7S (Fig. S2B) , which forms a triple-stranded structure downstream of the main origin of replication, the D-loop (24) . The content of 7S DNA has been reported to be highly variable compared with full-length mtDNA and it appears to be linked to mtDNA replication and maintenance. CS cells exhibited an imbalance between the 7S/mtDNA ratio (25) and mtDNA levels compared with controls (elevated 7S/mtDNA ratio when the mtDNA content was low and vice versa for the CS797VI line, Fig. S2C ). The D-loop has been proposed to play a role in recruiting POLG2 (26) , the accessory protein of the mtDNA replication complex (27) , and in turn the 7S DNA might be stabilized by POLG2 after the protein is recruited to the D-loop.
We next examined POLG1 and POLG2 levels and found that despite variable mRNA levels (Fig. 1D) , the POLG1 protein content was reduced (range: 22-93% reductions) in all CS cells compared with controls and UV S S cells ( Fig. 1 E and F) . In particular, the lowest POLG1 protein levels were detected in CS-II cells, which suggested an association between POLG1 amount and disease severity. CS cells, but not UV S S1VI cells, displayed increased levels of POLG2 (range: 28-400% above control levels; Fig. 1 G and H) . Thus, the POLG1/POLG2 stoichiometry was severely altered in CS cells (Fig. S2D) . These data showed quantitative modifications in the replicative polymerase complex in CS cells, but not in the UV S S1VI fibroblasts.
POLG1 Depletion Depended on CSB Impairment. We next determined whether the observed decreased POLG1 content and increased POLG2 levels were consequences of CSB impairment. We used two cellular models: one was a stable, CSB knock-down (two independent knock-downs: CSB KD 1 and CSB KD 2 ) in a HeLa cell line, which were compared with a control counterpart (CTL), generated as described (28, 29) , and their revertants (CSB KD 1 -rev and CSB KD 2 -rev, which expressed higher CSB levels than controls); the second was a CSB-deficient, SV40-transformed cell line (CS1AN-SV), which was compared with 2 ) display silencing efficiencies of 89% and 82%, respectively, and 3-15% of residual protein, compared with control cells. Controls carried a plasmid with an inefficient, nonspecific short hairpin RNA (shRNA) sequence (29) . Due to their episomal features, the silencing plasmids (pEBVsiRNA) disappeared after selection pressure withdrawal. Under these conditions, revertant cells, CSB normal (CSB-proficient) fibroblasts transformed with control SV40 (MRC5-SV) ( Fig. 2 A and B) .
CSB silencing resulted in 68% and 43% reductions in POLG1 immunofluorescence (CSB KD 1 and CSB KD 2 cells, respectively; Fig. 2C ), confirmed by Western blots (Fig. 2D) , to a similar extent as that observed in patient-derived CS-I and CS-II fibroblasts. Moreover, the CSB-deficient line (CS1AN-SV) displayed a 28% reduction in POLG1 compared with MRC5-SV controls. Consistent with patient-derived CS cells, both CSB-silencing and CSB-deficient cells also resulted in five-to sixfold increases in POLG2 protein expression ( Fig. 2 E and F) . Revertant cells that expressed high levels of CSB showed POLG1 and POLG2 contents similar to control levels, and they sometimes exceeded control values. Thus, dramatic alterations observed in the mitochondrial DNA replication complex in patient-derived CS cells were directly linked to CSB deficiency.
Mitochondrial Serine Proteases Accumulated with CSB Deficiency.
POLG1 depletion in the presence of regular or high levels of POLG1 mRNA suggested that the homeostasis of this protein was altered in CS cells. The expression of genes coding for relevant mitochondrial proteases (LONP1, AGF3L2, and SPG7, which code for Lon protease, an AAA-protease, and paraplegin, respectively) remained unchanged or increased by twofold in CS cells compared with controls and UV S S1VI cells (Fig. S3A) . However, the mRNA levels of a mitochondrial stress factor, HTRA2, which codes for a serine protease located in the organelle intermembrane space (30), were 2-to 4-fold higher in patient-derived cells compared with controls (Fig. 3A) . Another member of the HTRA serine protease family (31), HTRA3, is a pregnancy-related mitochondrial stress-response factor (32 (Fig. 3A) . Immunofluorescence confirmed dramatically higher levels of HTRA2 (5-to 122-fold) and HTRA3 (>60-fold) in most CS cells compared with controls ( Fig. 3 B and C) ; these results were corroborated by Western blots (Fig. 3D) . In UV S S1VI cells, HTRA2 levels were a few-fold higher than in controls, whereas HTRA3 levels were not elevated, which suggested a tight link between HTRA3 and CS phenotype. It was noteworthy that POLG1 and POLG2 levels were not altered in UV S S1VI cells, resulting in an inverse correlation between HTRA3 and POLG1 levels (with the exception of CS177VI cells).
We further tested the idea that reduced POLG1 levels in CS cells were due to elevated expression of HTRA3, and possibly HTRA2, as a consequence of CSB impairment. For this, we shut down CSB expression, and examined the HTRA2/3 protein levels in CSB cellular models. We observed that, in CSB KD and transformed CS1AN-SV cells, HTRA2 and HTRA3 immunofluorescence , and GAPDH loading control from whole-cell extracts. The anti-HTRA3 antibody recognizes both S-and L-forms. Note that large HTRA2 and HTRA3 protein elevations were not necessarily correlated with elevated mRNA levels, which suggested the protein was stabilized posttranslationally in patient-derived cells, which may be linked to the regulation of HTRA2 and HTRA3 auto-proteolysis (31) . Serine protease dynamics might explain the apparently unaffected HTRA3 levels in CS177VI cells, despite the high mRNA levels and strongly reduced POLG1. In UV S S1VI cells, HTRA2, but not HTRA3, levels were a few-fold higher than in controls. (E and F) (Upper) 3D reconstructions of cells stained for HTRA2 (red; E) or HTRA3 (red; F), and counterstained with Hoechst intensities were ≥10 3 -fold higher than in the respective CSBproficient controls (Fig. 3 E and F and Fig. S3C ). Elevated HTRA2 and HTRA3 protein levels were confirmed by Western blots (Fig. 3G) . Moreover, in CSB KD -rev cells, we observed a dramatic drop in both HTRA2 and HTRA3 protein contents compared with their CSB KD counterparts (Fig. 3 E-G) . These data suggested a tight link between CSB and HTRA2/3 expression.
The effect of HTRA2 and HTRA3 proteases on POLG1 appeared selective (see below). Moreover, overexpression of HTRA3 in transfected HeLa cells (Fig. 3H ) resulted in severe depletion of POLG1 immunofluorescence signal (Fig. 3I) . The selectivity of POLG1 depletion in CS cells was confirmed by the observation that the levels of other proteins such as cellular F-actin (Fig. S4A) , mitochondrial POLG2 (see above, Fig. 1 G and  H) , DRP1, a mitochondrial fission protein located in the membrane of the organelle, TFAM, the mtDNA transcription and maintenance factor, and Twinkle helicase located in nucleoids (21) did not systematically decrease in CS cells (Fig. S4 B-D) . We nevertheless observed that the nucleoid protein mtSSB decreased by 87-98% in CS and also in UV S S cells (Fig. S4E ), confirmed by Western blots (Fig. S4F) . Thus, differently from the reduction of POLG1 content, depletion of mtSSB was not specific of Cockayne syndrome cells, suggesting that this alteration is not exclusively linked to CS.
Serine Protease Inhibition Restored POLG1 Levels in CS Fibroblasts.
We then determined whether treatment with serine protease inhibitors would increase POLG1 protein levels in patient-derived CS cells. We found that POLG1 levels were controlled by serine proteases in normal cells. Indeed, in control fibroblasts MG132, a proteasome inhibitor which targets cysteine and serine proteases (36) and serpin Kunitz soybean trypsin inhibitor (KSTI), which specifically targets serine proteases (37) increased POLG1 immunofluorescence intensities by 5-fold and 3.6-fold, respectively, compared with fibroblasts grown in the presence of the inhibitor diluent alone (ethanol) (Fig. 4 A and B) . Similarly, UV S S1VI cells showed 6-to 34-fold increases in POLG1 signal intensities in the presence of the protease inhibitors. The results were more diverse among CS mutants: two of eight failed to show any significant response (CS539VI and CS548VI), two responded to ethanol, an inducer of autophagy, which requires the activity of proteases (38) , (CS333VI and CS466VI), and four displayed a protease inhibitor-based elevation of POLG1. The two cases with no response suggested that either HTRA2/3 targeting by the inhibitor was incomplete or additional factors were involved in maintaining POLG1 levels. Thus, protease inhibitors promoted a large increase of POLG1 in controls, whereas in CS cells that exhibit huge amounts of HTRA2/3 restored, or exceeded by a few-fold, control POLG1 levels, at the doses tested. The strong increase of POLG1 content upon treatment with protease inhibitors in UV S S cells, which express high levels of HTRA2 but not HTRA3 (see above, Fig. 3 B and C) , suggests that POLG1 levels are largely under control of HTRA3, as aforementioned (Fig. 3I) .
Consistent with these findings, POLG1 increased in response to KSTI in all CSB-impaired cell lines (CS1AN immortalized fibroblasts, Fig. 4C ; CSB KD 1 and CSB KD 2 , Fig. 4D, and Fig. S3D ). CSB KD 1 was also sensitive to the MG132 treatment, whereas CSB KD 2 and CS1AN were not more sensitive than ethanol alone. Conversely, MG132 did not appear to affect MRC5-SV and CS1AN-SV transformed cells, as it did in primary cells, whereas it affected HeLa cells, independently of CSB.
Taken together, these data suggested that inhibiting serine proteases increases POLG1 levels, and CSB-dependent POLG1 depletion can be rescued, at least in some cases. These data were consistent with the notion that CSB depletion promoted accumulation of serine proteases HTRA2 and HTRA3, which affected POLG1 protein levels.
Nitroso-Redox Imbalance in CS Fibroblasts. Next, we elucidated the mechanism(s) that gave rise to CSA/CSB effects on HTRA2 and HTRA3. HTRA2 expression increases in tissues undergoing oxidative stress, and CS cells are hypersensitive to oxidative stress (8, 23) . All CS cells exhibited higher levels (1.6-to 2-fold) of ROS, evaluated with the fluorescent probe DCFDA, than those observed in controls and UV S S1VI cells (Fig. 5A and Fig. S5A ), compatibly with a previous report (9) . Moreover, all patientderived cells displayed very high hypoxia-inducible factor-1 (HIF1α) mRNA levels, which are induced by high ROS content (39), compared with controls (Fig. 5B) .
In turn, HIF1α is reported to stimulate the expression of several stress-related factors (40) . Because HIF1α is a transcriptional complex that affects RNA levels of target proteins, we first conducted RT-qPCR analyses of several oxidant and antioxidant factors, rather than assessment of protein turnover, as it was the case for POLG1. Compared with controls, UV S S1VI cells displayed similar or lower mRNA levels of the antioxidant enzymes catalase and superoxide dismutases [SOD1 (cytoplasmic) and SOD2 (mitochondrial)] (Fig. 5C ). UV S S1VI cells also showed increased levels of primarily mitochondrial antioxidant factors including GABPA/NRF2A, peroxynitrite reductases peroxiredoxin-2 (PRDX2) and particularly, peroxiredoxin-5 (PRDX5) but higher levels of ROS-producing oxidases, namely NADPH oxidase 1 (NOX1), xanthine oxidase/dehydrogenase (XDH), dual oxidase 1 (DUOX1) and 2 (DUOX2) and, to a lesser extent, cyclooxygenase 2 (COX2), compared with controls (Fig. 5D) . Altogether, the expression levels of pro-and anti-oxidant factors suggested a robust antioxidant response to counteract constitutively high levels of ROS-producing factors, which might account for the moderate ROS increase in CSA-mutated UV S S cells compared with controls (summarized in Fig. S5B ).
Type-I CSA cells, which also displayed high levels of both oxidases (NOX1, XDH, DUOX1, DUOX2, and occasionally COX2, Fig. 5D ) and antioxidants (SOD1, SOD2, PRDX2, and to a minor extent, GABPA, Fig. 5C ), had particularly low levels of PRDX5, suggesting that PRDX5 plays an important role in the control of ROS levels. Type-I CSB cells, which displayed very high levels of one or more of the NOX1, XDH, DUOX1, DUOX2, and COX2 oxidases, expressed normal or low levels of the main anti-oxidant factors PRDX5, SOD2, and PRDX2 (for the latter, except in the CS539VI cells). Thus, imbalance in redox homeostasis may be responsible for the strong constitutive oxidative stress detected in type-I CSB cells. Importantly, although type-II CSB cells may have a more robust antioxidant profile than type-I CSB cells (particularly because they have higher levels of PRDX5), they exhibited very high levels of all tested oxidases; this resulted in high oxidative stress, as shown above. These data have revealed distinct oxidant/antioxidant profiles in CSA, CBS-I, and CSB-II cells (Fig. S5B) , which regulated ROS levels, suggesting that a PRDX5-dependent antioxidant response plays a relevant role in counteracting extensive oxidase activity.
High levels of ROS can react with nitric oxide (NO), which promotes the formation of peroxynitrite, a powerful oxidant and nitration agent (41) . UV S S1VI and CS cells expressed high levels of a key NO-producing enzyme, the inducible NO synthase (iNOS), and the genes involved in the biosynthesis of the NO-cofactor BH4 (dihydrofolate reductase DHFR, methylenetetrahydrofolate reductase MTHFR, GTP cyclohydrolase GCH1) (Fig. S5C) . Consistent with this finding, the fluorescent Fig. S5D . Immunofluorescence, n = 30 cells from three independent experiments, mean ± SEM. RT-qPCR and immunoblots, n = 3 independent experiments, mean ± SD *P ≤ 0.05, ***P ≤ 0.001 versus 198VI, based on the unpaired t test.
probe dihydrorhodamine 123 (DHR123) showed accumulation of peroxynitrite in the UV S S1VI and CS cells compared with normal fibroblasts (Fig. 5E and Fig. S5D ).
ROS and peroxynitrite also accumulated in CSB KD and CS1AN-SV cells, and the levels were lowered with CSB restoration in CSB KD -rev cells (Fig. S6 ), indicating that they are linked to CSB.
ROS and Peroxynitrite Scavenging Rescues Mitochondrial Dysfunction
in CS Fibroblasts. We reasoned that, if ROS and peroxynitrite induced serine protease accumulation, which resulted in POLG1 depletion, then the original parameters might be restored by treating CS fibroblasts with ROS and peroxynitrite scavengers. Manganese(III)tetrakis (4-benzoic acid) porphyrin (MnTBAP) is a synthetic metalloporphyrin that mimics superoxide dismutase and scavenges ROS and peroxynitrite. MnTBAP treatment reduced ROS to a greater extent (80-95%) in CS cells than in controls and UV S S1VI fibroblasts (reduction by two thirds) (Fig.  6A and Fig. S7) . Similarly, MnTBAP greatly reduced the levels of peroxynitrite in all control and patient-derived cells (Fig. 6B and  Fig. S7 ). Importantly, a reduction in nitro-oxidative levels following MnTBAP treatment was accompanied by a reduction of HTRA2 expression in all samples, but the reduction was most dramatic in UV S S and in particular CS cells (Fig. 6C and Fig. S7 ), which originally exhibited elevated levels of this serine protease.
Strikingly, MnTBAP increased the levels of HTRA3 in control and in UV S S1VI cells, but dramatically reduced the levels in CS cells (Fig. 6D and Fig. S7) , with the exception of the CS177VI cell line, thereby restoring HTRA3 to the levels observed in untreated controls (Fig. S8A) . These data showed that overexpression of HTRA3 in CSA-or CSB-impaired cells was promoted by high ROS and peroxynitrite levels. Conversely, the nitro-oxidative levels observed in CSA-and CSB-proficient fibroblasts limited HTRA3 expression.
Furthermore, MnTBAP treatment increased POLG1 levels in normal fibroblasts and, to a greater extent, in UV S S1VI and CS cells (Fig. 6E and Fig. S7) . The difference indicated that the patient-derived cells were particularly sensitive to ROS and peroxynitrite levels in the context of POLG1 regulation. This finding confirmed our proposed model. Interestingly, in the presence of MnTBAP, the mtDNA content was strongly altered in patient-derived CS cells (Fig. 6F) , reaching the level observed in untreated controls (Fig. S8B) . This was the case independently of the original alteration, whereas the treatment did not change the mtDNA content in control fibroblasts.
We also observed that the glycolytic shift reported in CS cells was attenuated after treatment with MnTBAP (Fig. S8C) . Thus, MnTBAP increased the fraction of ATP produced by mitochondria, and partially restored the OXPHOS values. Conversely, the treatment essentially did not alter the glycolytic/ OXPHOS ratio in controls or UV S S1VI cells. In the presence of MnTBAP, CS cells maintained relatively high levels of ATP, between 20% and 50% of untreated cells; in contrast, ATP levels in UV S S1VI and control fibroblasts were about 75% lower than in untreated cells (Fig. S8D) . These data showed that scavenging nitro-oxidative molecules had a restoring effect in cells with altered nitroso-redox balance, but may severely alter key parameters in cells with a normal nitroso-redox balance.
Discussion
There is growing evidence that the CSA and CSB-dependent DNA repair defect, which also characterizes the nonprogeroid UV S S syndrome, is not primarily responsible for the precocious aging phenotype in Cockayne syndrome. CSA and CSB are also active in mitochondria, and their impairment leads to defective autophagy and mitophagy (16, 17, 42) , although it is not clear whether this is also the case in UV S S cells. Using primary CS, UV S S and healthy control cells, this study showed that CS-specific defects rely on the overexpression of HTRA3, a serine protease known for its role in pregnancy-related mitochondrial stress and cancer (31) . HTRA3 selectively reduced the levels of POLG1, which in turn affected mitochondrial function. Inhibition of serine proteases rescued HTRA3 and POLG1 levels in several primary patient-derived CS cells. Overexpression of HTRA3 was promoted by unbalanced nitrosooxidative stress in CS cells, and scavenging of the reactive molecules rescued HTRA3 and POLG1 levels, and mitochondrial OXPHOS in CS cells.
POLG1 and POLG2 are essential for mtDNA replication. Mutations in these proteins have been associated with mitochondrial diseases, which largely occur in childhood, and result in reduced lifespan (43, 44) . Moreover, alterations in POLG1 proof-reading activity have been associated with precocious aging (45) . We showed that the mtDNA replication machinery was dramatically altered in CS cells, with decreased levels of POLG1 and increased levels of POLG2. The effect on POLG2 could be due to a perturbation of the system in POLG1-depleted cells. Moreover other proteins involved in mtDNA replication were reduced in most (Twinkle) or all (mtSSB) CS cells, as well as in UV S S cells. Although these alterations were not CS-specific, in CS cells the depletion of Twinkle and mtSSB cumulated with the imbalance of the POLG1/POLG2 complex, possibly enhancing the DNA replication defect in these cells. Interestingly, these data suggest that mtSSB is far less needed for mtDNA maintenance than hitherto believed (46, 47) , and this point may need to be developed in future studies. We showed that mtDNA maintenance was altered in CS cells: mtDNA content was either dramatically reduced or increased in these cells, and affected the 7S/mtDNA ratio. The function of 7S DNA has not been clearly established, although it seems implicated in the organization of mtDNA in nucleoids (26) , and it may be linked to age-related mtDNA rearrangements (24) . Taken together, our data indicated that the mtDNA replication machinery was affected by CSB deficiencies. Thus, both POLG1 mutations (known effect) and altered POLG1/POLG2 levels (this study) affected mitochondrial function, and may lead to premature aging.
POLG1 is a potential target for serine proteases. In patientderived CS fibroblasts, but not in normal and UV S S cells, low POLG1 content was associated with dramatic increases in HTRA3 serine protease levels, which depended on impaired CSB or CSA. It is possible that either HTRA3 may act alone, or HTRA3 and HTRA2 (also increased by CSA/CSB deficiency) may act additively in lowering POLG1 expression as in the case for CS177VI cells. A direct effect of HTRA3 on POLG1 levels was also observed after stable overexpression of this serine protease in HeLa cells. HTRA2 is a powerful regulator of autophagy, which may explain the increased autophagy reported in CS-immortalized cells (48) .
We do not exclude that HTRA3 targets other proteins than POLG1, and that these proteins may also affect the CS phenotype. In this context, a broader analysis of HTRA3 targets and their relevance to the CS phenotype should be performed in the future.
How do CSA/CSB mutations affect the expression of serine proteases (and possibly other targets), which eventually alter POLG1 and POLG2 levels, and finally lead to mitochondrial dysfunction? The HTRA family of serine proteases is implicated in the cellular response to stresses, like heat shock, inflammation, and cancer (49) . These stresses up-regulate and/or affect the mitochondrial localization of HTRA2 and HTRA3. Mitochondria produce ROS and reactive nitrogen species (RNS) which, at high levels, can generate cell-damaging oxidative and nitrosative stress (50) . We reported a CSB-dependent increase in ROS/RNS, associated with an imbalance in the expression of oxidases versus antioxidant factors in CS cells, and in particular low levels of mitochondrial PRDX5, which conversely, appeared to protect UV S S cells. Thus, we showed that a CSA/CSBdependent nitroso-redox imbalance led to increase serine proteases and depletion of POLG1. Treatment with the ROS/RNS scavenger MnTBAP reduced ROS to the greatest extent in patient-derived CS cells, which ultimately displayed lower ROS levels than healthy controls. MnTBAP also dramatically reduced RNS, HTRA3, and HTRA2 in patient-derived cells to levels comparable to those in healthy controls, and consequently, increased the POLG1 content and the mitochondrial respiration fraction in all CS primary fibroblasts.
CSA-mutated cells were indistinguishable from CSB-mutated cells, suggesting that CSA and CSB are components of the same complex that affect serine protease levels. This hypothesis is consistent with clinical observations, because patients with CSA- These alterations lead to a glycolysis shift, and additional mitochondrial alterations (e.g., mtDNA content, 7S/mtDNA ratio). Moreover, the altered nitroso-redox balance also affects mitochondrial function. Dysfunctional mitochondria functioning, in turn, accentuates the oxidative stress, which may cause more mitochondrial and cellular damage (gray arrow). Acting at different levels of this pathway, serine protease inhibitors and ROS/RNS scavengers block the cascade of events, restoring POLG1/POLG2 and mitochondrial function to normal levels. These effects are specific to CS cells. Protein overexpression is indicated in bold, protein depletion or reduced activity in light gray.
mutated type-I CS are clinically indistinguishable from those with CSB-mutated type-I CS (2) . In CS cells, but not in UV S S cells, altered mtDNA replication machinery was associated with reduced OXPHOS, despite constant ATP production. Impaired mitochondrial function and alterations in metabolic pathways can maintain regular ATP levels, but this adaptation may result in pathology (51) and premature aging (52) .
In summary, by altering the expression of oxidases and antioxidants, CSB/CSA impairments promoted overproduction of serine proteases, which in turn, depleted POLG1, altered the mtDNA replication machinery, and reduced mitochondrial OXPHOS (Fig. 7) . CSA and CSB are involved in transcription and possibly chromatin remodeling (10, 12) ; thus, impairments in these processes may affect the expression of several other factors. Indeed, proteins other than POLG1 could be affected by serine protease overexpression, and factors other than serine proteases may be affected by CSB impairments.
Our data revealed a novel pathway that altered mitochondrial, and thus cellular function in progeroid-like CS. The finding that these effects could be reversed in patient-derived cells by targeting two independent pathways has opened novel possibilities for treatments, which are presently lacking for patients with CS. These data also suggested the possibility that the abnormalities described here occurred at a slower pace in normal cells; consequently, they may be linked to physiological aging. Thus, further exploration may open a window to prevention therapy. Generation of CSB Silenced and Revertant HeLa Cells. Design and cloning in pEBVsiRNA vectors carrying a hygromycin B resistance cassette as well as establishment of stable knockdown (KD) and control HeLa clones were carried out as described (28) . RNAi targeted sequences for CSB (NM_000124) stretched over nucleotides 1253-1271 (pBD920) or 2655-2673 (pBD1282). HeLa cells carrying the pBD650 plasmid that expressed an inefficient shRNA sequence were used as control. HeLa cells stably overexpressing HTRA3 were constructed using two pEBVCAG-HTRA3-puro plasmids carrying the HTRA3 cDNA (Thermo Scientific, Clone ID: 5588608) with or without an endogenous 3′UTR sequence (pBD3189 and pBD3188, respectively).
Methods
Immunofluorescence, Reagents, and Antibodies. Cells plated on glass slides were fixed with 2% (wt/vol) paraformaldehyde (PFA) and permeabilized with 0.5% Triton X-100. The glass slides were incubated in blocking buffer [BSA 5% (wt/vol) in PBS] overnight at 4°C then 1 h at room temperature with the primary antibody, and finally with the secondary antibody and 10 μg/mL Hoechst for 1 h at room temperature. POLG1, POLG2, HTRA2, HTRA3 antibodies and Hoechst 33342 were from Sigma-Aldrich; goat anti-mouse and goat anti-rabbit Alexa Fluor 555-or Alexa Fluor 488-conjugated secondary antibodies from Life Technologies. Confocal Acquisition, 3D Reconstruction, and Quantification. Confocal acquisitions were performed using a spinning-disk Perkin-Elmer Ultraview RS Nipkow Disk, an inverted laser-scanning confocal microscope Zeiss Axiovert 200M with an Apochromat 63×/1.4 oil objective and a Hamamatsu ORCA II ER camera (Imagopole, PFID, Institut Pasteur, Paris). Optical slices were taken each 200-nm interval along the z axis covering the whole depth of the cell, at resolution of 1.024/1.024 pixels (53) . 3D reconstruction was achieved using the Imaris software (Bitplane). Scale bar = 10 μm. Fluorescence quantification was done using a single-imaging frame collection and ImageJ 1.47v software (postacquisition analysis). For each condition, 30 cells were analyzed from three independent experiments.
Mitochondrial Membrane Potential, Total ATP Steady-State Levels, and Glycolysis/ OXPHOS Fraction. Mitochondrial membrane potential was measured by treating cells with 200 nM Tetramethylrhodamine ethylamine (TMRE; Sigma) for 1 h at 37°C. TMRE is a lipophilic cation that accumulates into mitochondria in direct proportion to the mitochondrial membrane potential. For ATP levels, 10,000 cells were treated with 10 μM oligomycin for 1 h (for glycolytic ATP) or untreated (for total ATP levels); then, cells were tested with the CellTiter-Glo Luminescent assay (Promega), according to supplier instructions.
Total RNA Extraction and RT-qPCR. Total RNA was isolated from cells using the RNAeasy Micro kit (Qiagen), treated with DNaseI (Qiagen), then reversetranscribed with SuperScriptIII Reverse transcriptase (Invitrogen). Real-time quantitative PCR was performed using Power Sybr Green PCR Master Mix (Applied Biosystems) and the rate of dye incorporation was monitored using the StepOne Plus RealTime PCR system (Applied Biosystems). Three biological replicates were used for each condition. Data were analyzed by StepOne Plus RT PCR software v2.1 and Microsoft excel. TBP transcript levels were used for normalization of each target (=ΔCT). Real-time PCR C T values were analyzed using the 2 -ΔΔCt method to calculate the fold expression (54) . qPCR Primers used are listed in Table S1 , which includes the relative reference.
mtDNA Content Analysis by qPCR. The quantification of mtDNA was performed as described (55) . Real-time PCR amplification was performed on 200 pg of total DNA using the StepOne Plus RealTime PCR system (Applied Biosystems) and Power Sybr Green PCR Master mix (ABI) following the supplier instruction. The region tested on mtDNA was included in the 12S gene (Human mitochondrial DNA accession number, www.mitomap.org/bin/ view.pl/MITOMAP/HumanMitoSeq). When indicated, a region within 7S, and a region downstream of 7S (in the direction of replication) were also amplified, as described (25) . The nuclear encoded 18S rRNA gene was used as endogenous reference. The level of mtDNA was calculated using the ΔC T of average C T of mtDNA and nDNA (ΔC T = C T nDNA -C T mtDNA) as 2 ΔCT (56).
Primers used are listed in Table S1 .
Protein Extraction and Western Blot. Cells were lysed with lysis buffer (50 mM Tris·HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM EDTA, and protease inhibitor mixture). Lysed cells were not centrifuged, and the whole extract was collected. The protein content was determined with the Bradford reagent (Sigma-Aldrich), and 20 μg of protein were loaded for SDS/ PAGE. After blotting, Hybond ECL nitrocellulose filters were probed with primary antibodies, then with IRDye secondary antibodies. Detection was performed using Odyssey Infrared Imaging system scanner and Odyssey application software v3.0 (LI-COR Biosciences). Protein bands were quantified, normalized to GAPDH, and then normalized to control cells. Experiments were done in triplicate, and a representative Western Blot was shown.
Statistical Analysis. The significance of differences between data were determined using Student's t test for unpaired observations; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
